We study the associated production of bottomonia and Higgs bosons at hadron colliders within the factorization formalism of nonrelativistic quantum chromodynamics providing all contributing partonic cross sections in analytic form. While such processes tend to be suppressed in the standard model, they may have interesting cross sections in its minimal supersymmetric extension, especially at large values of tan β, where the bottom Yukawa couplings are enhanced. We present numerical results for the processes involving the lighter CP -even h 0 boson and the CP -odd A 0 boson appropriate for the Fermilab Tevatron and the CERN LHC.
Introduction
Since the discovery of the J/ψ meson in 1974, heavy quarkonium has provided a useful laboratory for quantitative tests of quantum chromodynamics (QCD) and, in particular, of the interplay of perturbative and nonperturbative phenomena. The factorization formalism of nonrelativistic QCD (NRQCD) [1] provides a rigorous theoretical framework for the description of heavy-quarkonium production and decay. This formalism implies a separation of short-distance coefficients, which can be calculated perturbatively as expansions in the strong-coupling constant α s , from long-distance matrix elements (MEs), which must be extracted from experiment. The relative importance of the latter can be estimated by means of velocity scaling rules; i.e., the MEs are predicted to scale with a definite power of the heavy-quark (Q) velocity v in the limit v ≪ 1. In this way, the theoretical predictions are organized as double expansions in α s and v. A crucial feature of this formalism is that it takes into account the complete structure of the QQ Fock space, which is spanned by the states n = 2S+1 L (a)
J with definite spin S, orbital angular momentum L, total angular momentum J, and color multiplicity a = 1, 8. In particular, this formalism predicts the existence of color-octet (CO) processes in nature. This means that QQ pairs are produced at short distances in CO states and subsequently evolve into physical, color-singlet (CS) quarkonia by the nonperturbative emission of soft gluons. In the limit v → 0, the traditional CS model (CSM) [2] is recovered. The greatest triumph of this formalism was that it was able to correctly describe [3] [4] [5] the cross section of inclusive charmonium hadroproduction measured in pp collisions at the Fermilab Tevatron [6] , which had turned out to be more than one order of magnitude in excess of the theoretical prediction based on the CSM.
Apart from this phenomenological drawback, the CSM also suffers from severe conceptual problems indicating that it is incomplete. These include the presence of logarithmic infrared divergences in the O(α s ) corrections to P -wave decays to light hadrons and in the relativistic corrections to S-wave annihilation [7] , and the lack of a general argument for its validity in higher orders of perturbation theory. While the k T -factorization [8] and hard-comover-scattering [9] approaches manage to bring the CSM prediction much closer to the Tevatron data, they do not cure the conceptual defects of the CSM. The color evaporation model [10] , which is intuitive and useful for qualitative studies, also significantly improves the description of the Tevatron data as compared to the CSM [11] . However, it does not account for the process-specific weights of the CS and CO contributions, but rather assumes a fixed ratio of 1 : 7. In this sense, a coequal alternative to the NRQCD factorization formalism is presently not available.
In order to convincingly establish the phenomenological significance of the CO processes, it is indispensable to identify them in other kinds of high-energy experiments as well. Studies of charmonium production in ep photoproduction, ep and νN deep-inelastic scattering (DIS), e + e − annihilation, γγ collisions, and b-hadron decays may be found in the literature; see Refs. [12, 13] and references cited therein. Furthermore, the polarization of ψ ′ mesons produced directly [14] and of J/ψ mesons produced promptly [15, 16] , i.e., either directly or via the feed-down from heavier charmonia, which also provides a sensitive probe of CO processes, was investigated. Until recently, none of these studies was able to prove or disprove the NRQCD factorization hypothesis. However, H1 data of ep → eJ/ψ + X in DIS at HERA [17] and DELPHI data of γγ → J/ψ + X at LEP2 [18] now provide first independent evidence for it [19, 20] .
Recently, we studied the associated production of charmonia and electroweak bosons at present and future colliders, including the Tevatron (Run II), the CERN Large Hadron Collider (LHC), the DESY TeV-Energy Superconducting Linear Accelerator (TESLA), and the DESY electron-proton supercollider THERA, which uses the lepton beam of TESLA and the proton beam of the DESY Hadron-Electron Ring Accelerator (HERA) [21] . Our assessment of the observability of the various processes in the various experiments can be summarized as follows: the processes with a photon will abundantly take place in all considered experiments; the processes with a Z or W boson will produce considerable yields at the hadron colliders, namely, several hundred (ten thousand) events per year at the Tevatron (LHC), while they significantly fall short of the one-event-per-year mark at TESLA and THERA; the processes with a standard model (SM) Higgs boson (H) are predicted to be too rare to be observable in any of the considered experiments. As for J/ψ + W associated production at the Tevatron, the conclusions that had been reached in Ref. [22] concur with ours [21] . The associated production of bottomonia and Z or W bosons at the Tevatron and the LHC was investigated in Ref. [23] , with the conclusion that such events represent a challenge at the Tevatron, while they should certainly be observable at the LHC. The CDF Collaboration [24] did not find evidence for Υ(1S) + Z or Υ(1S) + W ± signals in Run I at the Tevatron, but established upper bounds on the respective production cross sections, which are well compatible with the theoretical predictions of Ref. [23] . However, with the expected Run II increase of integrated luminosity and the upgrades of the CDF detector, they expect to achieve a sensitivity sufficient to observe these signals [24] . The cross sections of all partonic processes contributing to the associated production of heavy quarkonia, with
P J (J = 0, 1, 2), and photons, Z bosons, and W bosons in photon-photon, photon-hadron, and hadron-hadron collisions may be found in Ref. [21] .
In this paper, we take the next step and consider the production of bottomonia in association with Higgs bosons concentrating on hadron-hadron collisions. Guided by our previous findings in connection with charmonium [21] , we expect such signals to be below the edge of observability in two-photon collisions at TESLA and photon-hadron collisions at THERA. Therefore, we do not include the latter production mechanisms in our present phenomenological analysis. However, the relevant partonic cross sections may be obtained from our analytic results by adjusting overall color factors and coupling constants, as is explained in the Appendix.
In the SM, the total cross section of pp → J/ψ + H, with Higgs-boson mass m H = 115 GeV, at the LHC was predicted to be 2.0 × 10 −2 fb, which corresponds to 4 signal events per year [21] . Taking into account the branching fractions of the J/ψ and H decays to the detected particles and the acceptance cuts required for background suppression, it becomes apparent that the production rate would need to be increased by a few orders of magnitude before a sound signal could be observed. Since the SM Yukawa couplings are proportional to the quark masses, passing from charmonium to bottomonium yields an enhancement by a factor of m 2 b /m 2 c ≈ 10. Moreover, the MEs of bottomonium [13, 25] are typically one order of magnitude larger than their counterparts for charmonium [15] , with the exception of
J ] , which tend to be comparable to their counterparts for ψ(nS). On the other hand, the dynamical quark-mass dependence acts in the opposite direction. In fact, in the case of the total cross section of pp → J/ψ + H, with m H = 115 GeV at the LHC, replacing m c by m b while keeping the Yukawa coupling and the MEs fixed leads to a decrease by a bit more than one order of magnitude, so that the Yukawa coupling enhancement is slightly overtaken. Detailed calculation reveals that the total cross section of pp → Υ(1S) + H at the LHC exceeds the one of pp → J/ψ + H by a factor of 3.6, the result being 7.3 × 10 −2 fb, which corresponds to 15 signal events per year.
The situation should be considerably more promising in the context of supersymmetric theories, where the Yukawa couplings depend on additional input parameters and may be significantly enhanced relative to the reference values in the SM if nature has chosen these parameters accordingly. In the following, we concentrate on the most popular of such theories, the minimal supersymmetric extension of the SM (MSSM). The Higgs sector of the MSSM consists of a two-Higgs-doublet model of type II and accommodates a quintet of physical Higgs bosons: the neutral CP -even h and H bosons, the neutral CP -odd A boson, and the charged H ± -boson pair. At the tree level, the MSSM Higgs sector has two free parameters, which are usually taken to be the mass m A of the A boson and the ratio tan β = v 2 /v 1 of the vacuum expectation values of the two Higgs doublets. The masses m h , m H , and m H ± of the h, H, and H ± bosons, respectively, and the mixing angle α that rotates the weak CP -even Higgs eigenstates into the mass eigenstates h and H are then functions of m A and tan β. As is well known, these functions receive significant electroweak radiative corrections, whose leading terms are of O (G F m 4 t /m 2 Z ), where G F is Fermi's constant, m t is the top-quark mass, and m Z is the Z-boson mass, and must not be neglected; for a review, see Ref. [26] . For the sake of our exploratory study, it is sufficient to make a few simplifying assumptions in the treatment of these corrections. Specifically, we neglect subleading effects due to nonzero values of the Higgs-higgsino mass parameter µ and the trilinear Higgs-sfermion couplings A t and A b . The leading radiative corrections can then be parameterized by the quantity
In other words, H is always heavier than h and A.
If we assume only the first four quark flavors to be active in the colliding hadrons, then the associated production of bottomonium and a charged Higgs boson is suppressed by the smallness of the duH − and scH − couplings. If we also take bottom to be an active flavor, then the final state must contain an additional top quark, W boson, or charged Higgs boson, which substantially squeeze the available phase space and lead to distinctive signals. For these reasons, we only consider the neutral MSSM Higgs bosons Φ = h, H, A in the following. The qqΦ couplings y Φ q emerge by scaling the SM Yukawa couplings with factors g Φ q ; i.e., y
The values of g Φ q are specified in Table 1 . From Table 1 , we observe that the values of g Φ b rise linearly with tan β if tan β ≫ 1. In order to obtain sufficiently large cross sections, we are particularly interested in light Higgs bosons with strong couplings to the b quark. We thus focus our attention on the h and A bosons, and on the large-tan β regime. This paper is organized as follows. In Sec. 2, we present our analytic results and explain how to evaluate the cross sections of the associated production of bottomonia and Higgs bosons in hadronic collisions. The contributing partonic cross sections are collected in the Appendix. In Sec. 3, we present our numerical results. Our conclusions are summarized in Sec. 4. U cos α/ sin β sin α/ sin β cot β D − sin α/ cos β cos α/ cos β tan β
Analytic results
In this section, we present our analytic results for the cross sections of the reactions AB → CD, where A and B are the incoming hadrons, C is a heavy-quarkonium state, with 
if H = χ bJ (nP ), where J = 0, 1, 2. Their MEs satisfy the multiplicity relations
which follow to LO in v from heavy-quark spin symmetry. The CS MEs of Υ(nS) and χ b0 (nP ) are related to the respective radial wave functions at the origin as
respectively. In our numerical analysis, we only include the Υ(1S) and χ bJ (1P ) mesons. For completeness and future use, we also list formulas for all the other bottomonia. The assignments for the various charmonia are analogous. We now turn to the partonic subprocesses ab → QQ[n]D. The differential cross section of such a process is calculated from the pertaining transition-matrix element T as dσ/dt = |T | 2 /(16πs 2 ), where the average is over the spin and color degrees of freedom of a and b and the spin of D is summed over. We apply the covariant-projector method of Ref. [27] to implement the QQ Fock states n according to the NRQCD factorization formalism.
The following partonic subprocesses contribute to LO in α s and v:
where
P J with J = 0, 1, 2. For the reason explained above, q = c must not be included if Q = c. The processes γg → QQ[ς (1) ]D and γγ → QQ[ς (8) ]D are forbidden by color conservation. Furthermore, the processes→ QQ[ς (1) ]D are prohibited because the Q-quark line is connected with the q-quark line by one gluon, which transmits color to the QQ pair. Finally, due to charge-conjugation invariance, the processes gg , for fixed value of the principal quantum number n, exploiting the multiplicity relations of Eq. (11). The results for processes (16) and (17) are obtained from those for processes (13) by adjusting overall color factors and coupling constants as explained in the Appendix. Similar relations also exist between processes (13) and (14) 
The evaluation of the hadronic cross sections and their distributions proceeds as explained in Ref. [21] . Specifically, we consider the distributions in the transverse momentum p T common to C and D, the rapidities y C and y D of C and D, respectively, and the CD invariant mass m CD .
Numerical results
We are now in a position to explore the phenomenological consequences of our calculations. We focus our attention on the cases C = Υ(1S), χ bJ (1P ). These bottomonia can be efficiently identified experimentally, and their MEs are relatively well constrained [13, 25] . The predicted cross-section distributions for the Υ(2S) and Υ(3S) mesons are similar to those for the Υ(1S) meson, but their normalizations are somewhat suppressed due to smaller MEs [13, 25] . The MEs of the χ bJ (2P ) mesons are very similar to those of the χ bJ (1P ) mesons [13, 25] , and so are their predicted cross-section distributions. The η b (1S) meson needs experimental confirmation, while no events for η b (nS) mesons with n > 1 and h b (nS) mesons have been seen so far [28] .
We first describe our theoretical input and the kinematic conditions. We use m b = 4.88 GeV [13, 25] , m t = 174.3 GeV, m Z = 91.1876 GeV, G F = 1.16639 × 10 −5 GeV −2 , and the LO formula for α (n f ) s (µ r ) [28] with n f = 4 and asymptotic scale parameter Λ (4) QCD = 192 MeV [29] . As for the proton PDFs, we use the LO set from the CTEQ Collaboration (CTEQ5L) [29] . Unless otherwise specified, we choose the renormalization and factorization scales to be µ r = µ f = m [25] using the QCD-motivated potential by Buchmüller and Tye [30] . As for the Υ(1S) and χ bJ (1P ) CO MEs, we adopt as our default set the one determined in Ref. [13] through a fit to recent CDF data [31] using the same proton PDFs and CS MEs as we do. Our MSSM benchmark scenario is defined by the parameter set tan β = 50, m h = 100 GeV or m A = 100 GeV, and m S = 1 TeV, and is well inside the currently allowed region of the MSSM parameter space [28] . We then vary tan β, m h , and m A one at a time in the ranges 2 < tan β < 60, 90 < m h < 128 GeV, and 90 < m A < 500 GeV, respectively. If D = h, then we take m h as an input parameter and evaluate m A from Eq. (6). The hadronic center-of-mass energy is √ S = 2 TeV in Run II at the Tevatron and √ S = 14 TeV at the LHC. Since our study is at an exploratory level, we refrain from presenting a full-fledged quantitative estimate of the theoretical uncertainties in our predictions. Experience from previous analyses of charmonium production within the NRQCD factorization formalism [19, 20, 32] leads us to expect relative errors of the order of ±50%. This error estimate should be on the conservative side, since the convergence property of the NRQCD perturbative expansion is expected to be considerably improved as one passes from charmonium to bottomonium, thanks to the reduction in size of α s and v. To be specific, we assess the theoretical uncertainties arising from the lack of knowledge of the precise values of the bottomonium MEs and from the freedom in the choice of the renormalization and factorization scales.
We are now in a position to present our numerical results. Figures 1 and 2 are devoted to pp → CD + X at the LHC and to pp → CD + X in Run II at the Tevatron, respectively. In each figure, part (a) gives the p T distributions dσ/dp T (upper panel) and the m CD distributions dσ/dm CD (lower panel), part (b) the y C distributions dσ/dy C (upper panel) and the y D distributions dσ/dy D (lower panel), and part (c) the total cross sections σ as functions of tan β (upper panel) and m D (lower panel). In each part, the left column refers to D = h and the right one to D = A. In each frame, we separately consider C = Υ(1S), χ cJ (1P ), both in NRQCD and the CSM. It is summed over C = χ c0 (1P ), χ c1 (1P ), χ c2 (1P ). In the following, n = 1 is implied whenever the label (nL) is omitted.
As is evident from Sec. 2, Υ + h and Υ + A associated production proceeds through process (14) with ς = (14) and (15) with ς = 3 S 1 contribute. In the study of the associated production of heavy quarkonia and electroweak gauge bosons [21] , dominant contributions at p T ≫ m C were found to generally arise from so-called fragmentation-prone partonic subprocesses, which contain a gluon with small virtuality, q 2 = m 2 C , that splits into a QQ pair in the Fock state n = 3 S
1 . Such processes are absent here because the Higgs bosons are always radiated from the outgoing Q or Q quark lines before the latter form an asymptotic Fock state n.
We now turn to the predictions for the LHC. From Figs. 1(a) -(c), we observe that there is hardly any difference between the various distributions for D = h and their counterparts for D = A, except for a trivial difference in the m h and m A dependences, which is due to the upper bound on m h , at m h ≈ 128 GeV. In each frame, the three curves exhibit similar shapes (except for the p T distributions), but significantly differ in their overall normalizations. Within NRQCD, the results for C = χ bJ typically exceed those for C = Υ by a factor of 2. As for C = χ bJ , the CSM predictions fall short of the NRQCD ones by a factor of 3 to 4. From Fig. 1(a) , we read off that the p T and m CD distributions peak at p T ≈ 6 GeV and m CD ≈ 116 GeV, respectively. Beyond their peaks, the CSM predictions for C = χ bJ fall off more rapidly with increasing value of p T than the NRQCD ones. The y C and y D distributions in Fig. 1(b) are symmetric about the origin, reflecting the symmetry of the experimental set-up, and their maxima are rather broad. 
We now assess the observability of the various processes at the LHC and in Run II the Tevatron. To this end, we list their total cross sections for our MSSM benchmark scenario in Table 2 . These values can be converted into annual yields by recalling from Table I of Ref. [21] that a cross section of 0.005 fb (0.25 fb) corresponds to one event per year at the LHC (Tevatron). At hadron colliders, the Υ(1S) mesons are easily detected through their decays to e + e − and µ + µ − pairs, with a combined branching fraction of B(Υ(1S) → l + l − ) = 4.86 ± 0.13 [28] . The χ bJ (1P ) mesons radiatively decay to Υ(1S) mesons, the individual branching fractions being B(χ b0 (1P ) → Υ(1S)γ) < 6%, B(χ b1 (1P ) → Υ(1S)γ) = (35 ± 8)%, and B(χ b2 (1P ) → Υ(1S)γ) = (22 ± 4)% [28] . In the high-tan β regime, light h and A bosons predominantly decay to bb and τ + τ − pairs, with branching fractions of about 90% and 8%, respectively [28] . The b hadrons can be detected by looking for displaced decay vertices with dedicated vertex detectors, even at the LHC. The corresponding numbers of signal events per year estimated assuming detection efficiencies of 100% are listed in Table 3 . Table 3 : Annual numbers of events of pp → CD + X at the LHC and of pp → CD + X in Run II at the Tevatron, where C = Υ(1S), χ bJ (1P ) and D = h, A, for tan β = 50 and m D = 100 GeV. The final-state particles are assumed to be detected via their decays
with efficiencies of 100%. The values enclosed in parentheses refer to the CSM.
We conclude this section by assessing the theoretical uncertainties arising from the lack of knowledge of the precise values of the bottomonium MEs and from the freedom in the choice of the renormalization and factorization scales. Besides the QCD-motivated potential [30] , the authors of Ref. [25] also employed three other phenomenological ansätze, namely, a power-law potential [33] , a logarithmic potential [34] , and a Coulomb-pluslinear potential (Cornell potential) [35] . Taking as the theoretical errors the maximum upward and downward deviations with respect to the results obtained with the QCDmotivated potential, we have O 
GeV
5 . Since there are no errors assigned to the CO MEs quoted in Ref. [13] , for the purpose of this error analysis, we adopt the older results from Ref. [5] , which are fitted to earlier CDF data [36] . In compliance with Ref. [13] (see also the discussion in the context of Eq. (4.1) in Ref. [5] ), we assume that O Υ(1S) 3
. We then repeat the evaluation of Table 2 with this set of bottomonium MEs, varying one ME at a time and combining the individual shifts in quadrature thereby allowing for the upper and lower half-errors to be different. The outcome is presented in Table 4 . From Table 4 , we observe that the NRQCD results for C = Υ(1S), χ bJ (1P ) carry errors of ±84% and ±29%, respectively, while the CSM result for C = χ bJ (1P ) may be increased by up to 47%. We note in passing that CO MEs of Ref. [13] fall outside the error bars of their counterparts of Ref. [5] , so that the NRQCD results given in Tables 2 and 4 are not actually mutually consistent. While the face values of the NRQCD results in Table 4 might by now be obsolete, we believe that the relative errors should still serve as a useful indicator. The CDF data [36] from which the CO MEs of Ref. [5] were extracted are only based on an integrated luminosity of 16.6 pb −1 collected in 1992-1993. The design value of the integrated luminosity to be delivered by the Tevatron until the end of 2009 is currently quoted as 8 fb −1 [37] . The combined data sample of the CDF and D0 collaborations would then be three orders of magnitude larger than the one used in Ref. [36] , leading to a reduction in statistical error by a factor of about 30. The experimental errors in the cross section measurements of bottomonium hadroproduction at the Tevatron should then be dominated by systematics. Table 4 : Same as in Table 2 , but using the CO MEs of Ref. [5] and taking into account the theoretical errors on the CS [25] and CO [5] MEs. 
, this scale choice is larger (smaller) than our default setting. The p T distributions are particularly sensitive to this change. In order to illustrate this, we recalculated the p T distributions shown in the upper panels of Figs. 1(a) and 2(a) using this alternative scale choice. The results are displayed in the upper and lower panels of Fig. 3, respectively. From Fig. 3 , we observe that the p T distributions are appreciably reduced in the lower p T range, for p T ∼ < 25 GeV, as we pass from our default scale choice to the new one. This feature is more pronounced for the Tevatron than for the LHC. On the other hand, towards the upper end of the p T values considered in the case of the LHC, the shifts in cross section induced by switching to the new scale choice are insignificant. Such scale uncertainties are generally expected to be reduced as next-to-leading-order corrections are taken into account.
Higgs bosons D = h, H, A, H
± . We listed the cross sections of all contributing partonic subprocesses, except for those with D = H ± , which are either suppressed by small Yukawa couplings or involve an additional heavy particle with a distinct signature in the final state. We presented numerical results for any combination of C = Υ(1S), χ bJ (1P ) and D = h, A appropriate for the LHC and Run II at the Tevatron, concentrating on the region of the currently allowed MSSM parameter space characterized by a large value of tan β and small values of m h and m A .
Criteria to discriminate NRQCD against the CSM include the following: (i) Υ + h and Υ + A associated production is allowed in NRQCD, but forbidden to LO in the CSM; and (ii) in NRQCD, the cross sections of χ bJ + h and χ bJ + A associated production are a factor of 3 to 4 larger than in the CSM.
In our MSSM benchmark scenario, there will be about 3000 (1) direct Υ(1S) + h → l + l − + bb events per year at the LHC (Tevatron) and similarly for the A boson. The χ bJ → Υ(1S)γ feed-down channels will add about 1500 (0.5) events to each of these yields. Results in the same ballpark are expected for the bottomonia with n = 2, 3. We conclude that these signals should be clearly visible at the LHC, while they should provide a challenge for Run II at the Tevatron.
A Partonic cross sections
In this appendix, we list the differential cross sections dσ/dt for processes (13)- (17) (4) of Ref. [21] . The mass m C = M of the heavy quarkonium is taken to be M = 2m Q . + stu(4t Fig. 1 (continued 
